We demonstrate that the susceptibility of human cancer cells to be infected and killed by an oncolytic poxvirus, myxoma virus (MV), is related to the basal level of endogenous phosphorylated Akt. We further demonstrate that nonpermissive tumor cells will switch from resistant to susceptible for MV infection after expression of ectopically active Akt (Myr-Akt) and that permissive cancer cells can be rendered nonpermissive by blocking Akt activation with a dominant-negative inhibitor of Akt. Finally, the activation of Akt by MV involves the formation of a complex between the viral host range ankyrin-repeat protein, M-T5, and Akt. We conclude that the Akt pathway is a key restriction determinant for permissiveness of human cancer cells by MV.
M yxoma virus (MV) is a rabbit specific poxvirus that causes a lethal disease called myxomatosis in European rabbits (Oryctolagus cuniculus)
. MV encodes a wide complement of immune evasion molecules, including an ankyrin-repeat host range protein called M-T5 (2, 3) . M-T5 acts to prevent apoptosis during infection of rabbit T lymphocytes and is a virulence factor for disease progression in infected rabbits (4) . We have recently demonstrated that M-T5 also acts to protect MV-infected cells from cell cycle arrest through interactions with cullin-1, which is involved in regulation of p27 through ubiquitin-dependent proteasome degradation pathway (5) . However, several aspects of M-T5 indicate that it exerts its host range functions in pathways above and beyond selective degradation. In particular, our group has recently shown MV exhibits potent oncolytic activity for human cancer and M-T5 is a critical determinant of MV tropism in human cancer cells (6, 7) .
To investigate the tropism of MV in human tumor cells, we have examined cellular pathways of significance in human cancer. Akt, or protein kinase B (PKB), is a serine͞threonine kinase that plays a central role in the regulation of cellular processes including proliferation, programmed cell death, angiogenesis, and metabolism (8) . Akt is activated by a variety of stimuli, including growth factors, protein phosphatase inhibitors, and cellular stress in a phosphatidylinositol 3-kinase (PI3K)-dependent manner (9) . The kinase activity of Akt contributes to the control of cell transformation and oncogenic activity and Akt activation is frequently dysregulated in human cancer cells (10, 11) . Three mammalian Akt isoforms have been characterized and are identified as Akt1, Akt2, and Akt3. All three isoforms share the same structural organization with a conserved N terminus pleckstrin homology domain, a central kinase domain and a C-terminal regulatory domain (12) . Akt1, normally called Akt, is the best characterized isoform and contains two phosphorylation sites, Thr-308 in the kinase domain and Ser-473 in the regulatory domain (13) . However, phosphorylation of Thr-308 activates Akt, and full activation requires both Thr-308 and Ser-473 to be phosphorylated (14) .
To further explain the mechanism of M-T5 action as an oncolytic virus host range factor in human cancers (6), here we report that MV infection requires Akt phosphorylation for productive infection of human cancer cells and this is mediated through interaction between M-T5 and Akt.
Results

Endogenous Levels of Phosphorylated Akt of Human Cancer Cells Are
an Indicator of Susceptibility to MV Infection. Human tumor cells were previously screened for either wild-type [vMyxlac (expressing ␤-gal) and vMyxgfp (expressing EGFP)] or a host range defective (vMyxT5KO) MV infection by our laboratory (6) . We demonstrated two phenomena regarding MV infection of human cancer cells lines. First, human tumor cell lines exhibited one of three phenotypes after infection. Some tumor lines could support a productive infection by both wild-type or host range defective MV. A second group generated abortive, or nonproductive infection regardless of whether the infecting virus was wild type or the host range mutant. Finally, we observed a proportion of tumor lines that we described as restrictive. These cancer cells supported wild-type virus infection but were resistant to infection by the host range mutant. The second phenomenon we described was that expression of one specific MV host range gene, M-T5, is necessary for infection of restrictive cancer lines but dispensable for infection of supportive tumor cell lines (6) . The cancer origin or tissue type of the tumor cell line could not explain this observation. However, when we surveyed possible oncogenic proteins that might differ among the lines we noticed that human cancer cell lines could be grouped into one of three types based on the levels of endogenous phosphorylated Akt, and that this grouping correlated with the permissiveness to MV infection (Table 1) .
All screened tumor lines expressed detectable levels of Akt but exhibited either high or low levels of endogenous phosphorylated Akt, or did not express any detectable phospho-Akt (Table  1) . High levels of endogenous phospho-Akt were associated with type I cells, low or very low levels of phospho-Akt were detected in type II cells, and type III cells did not express any detectable endogenous phospho-Akt (Table 1 and Fig. 5A , which is published as supporting information on the PNAS web site). Sig-nificantly, this classification matched perfectly with the ability of MV or vMyxT5KO to infect each specific cell line. Type I cells were infected by either MV or vMyxT5KO, type II cells supported MV infection but were not permissive for vMyxT5KO infection, and type III cells did not support productive infection by either virus ( Table 1) .
As an example of type I cells, endogenous phospho-Akt (both p-Akt Thr-308 and p-Akt Ser-473) is highly elevated in HOS cells (Fig. 1A, lanes 1 and 7) and infection with either vMyxlac or vMyxT5KO, both of which result in a productive infection (Fig.  5B) , does not result in any further elevated levels of phophorylated Akt ( Fig. 1 A and Table 1 ). This finding suggests that certain cancer cell lines have sufficiently high levels of constitutively activated phospho-Akt at both Ser-473 and Thr-308 so as to support productive MV infection regardless of the expression of M-T5 and that infection does not induce an increase in the measurable levels of activated Akt.
In contrast, endogenous levels of Ser-473 phosphorylated Akt in 786-0 cells (type II) was very low, whereas p-Akt Thr-308 was detectably phosphorylated (Fig. 1B, lanes 1 and 8) . However, infection of 786-0 cells with vMyxlac dramatically induced Akt phosphorylation at p-Akt Ser-473 and increased the level of P-Thr-308, but when 786-0 cells were infected with vMyxT5KO, the endogenous levels of phospho-Akt were relatively unchanged at both sites (Fig. 1B) . These results were reproducible in other type II tumor cell lines, including HCT116, ACHN, U373, and SK-OV-3 (Table 1 ), but total Akt protein levels were unchanged in any cell after vMyxlac and vMyxT5KO infection ( Fig. 1 and data not shown) . This result suggests that M-T5 expression can activate Akt under conditions of MV infection in a cell line that is abortive for vMyxT5KO infection. Therefore, we postulated that activation of Akt is necessary to support productive MV infection in human tumor cell lines and that M-T5 has a role in activating Akt during MV infection (Fig. 5C ). This finding is consistent with the observation that MV failed to infect type II cells, such as 786-0, in the absence of M-T5 expression (6) .
Finally, infection of type III cells such as MDA-MB435 cells, a breast cancer cell line that is abortive for MV infection, exhibits undetectable endogenous phosphorylated Akt levels (Fig. 1C,  lanes 1 and 7) and MV infection does not induce any measurable increased levels of activated Akt at either Ser-473 or Thr-308 (Fig. 1C) . Nevertheless, the total Akt protein level was unchanged, similar to that observed for 786-0 and HOS cells. MDA-MB435 cells do not support productive infection by either vMyxlac or vMyxT5KO (Fig. 5D ) (6), and we conclude that when expression of M-T5 is unable to induce the activation of Akt, the cancer cells remains nonpermissive (Table 1) . Thus, the level of phosphorylated Akt, whether endogenous or virus-induced, is predictive for which cancer cell lines will support productive MV infection (Table 1) .
To confirm that MV infection induced the activation of Akt kinase activity in permissive cells, we performed an in vitro kinase assay. Type II 786-0 cells were mock-infected or infected with either vMyxlac or vMyxT5KO, collected at 4 h postinfection (hpi), and immunoprecipitated with anti-Akt antibody. The immunoprecipitates were subjected to an in vitro kinase assay using histone H2B as the substrate (Fig. 1D ). This result indicates that Akt kinase activity can be increased in 786-0 cells by infection with vMyxlac, but not with vMyxT5KO, which is consistent with immunoblotting analysis in the same cell line. This result is reproducible in other type II cells such as ACHN, SK-OV3, and U373 (data not shown). Taken together, these data indicate that phosphorylation of Akt is predictive for productive MV infection in specific human cancer cells.
Akt Phosphorylation Is Resistant to PI3K͞Akt Drug Inhibitors After MV
Infection. Type II cells exhibited the largest change in activated levels of Akt after MV infection (see Fig. 1B ); therefore, we used the human renal cancer cells 786-0 as our representative type II cell to test whether drugs that inhibit PI3K͞Akt could block Akt phosphorylation activated by infection of MV. LY294002 is a potent and specific inhibitor of PI3K and blocks downstream pathways of PI3K, including Akt activation (15, 16) . In contrast, Akt inhibitor IV was designed to target an ATP-binding site of a kinase immediately upstream of Akt, but downstream of PI3K, thereby specifically inhibiting Akt phosphorylation (17) . The most likely candidate for inhibition is PDK1; however, this remains to be confirmed conclusively. Human renal cancer (786-0) cells were pretreated with LY294002 (50 M) or Akt inhibitor IV (10 M) for 1 h and then infected with vMyxlac (multiplicity of infection, MOI, of 5). At various times after infection, vMyxlac-infected cells were collected and whole cell lysates were prepared. The results show that treatment of uninfected 786-0 cells with LY294002 or Akt inhibitor IV blocked phosphorylation of Akt (Fig. 2, lanes 1-3) . However, treatment with the inhibitors did not appear to significantly inhibit the increased phosphorylation of Akt at Ser-473 or Thr-308 after MV infection (Fig. 2) . There was some reduction early in the infection (0-4 hpi) when compared to untreated control samples (Fig. 2 Upper) . This finding suggests that activation of Akt depends on MV infection and under the control of the expression of M-T5 protein, and when either PI3K or downstream activation of Akt are blocked by LY294002 or Akt inhibitor IV (Fig. 2 Lower), then wild-type MV is still robustly capable of activating Akt. Therefore, we conclude that specific Akt inhibitors are unable to significantly block Akt activation after infection by vMyxlac in time-dependent manner, and that M-T5 acts downstream of these inhibitors.
Inhibition of the PI3K pathway with LY294002 or Akt inhibitor IV did not induce cell death as measured by trypan blue staining when type II were infected with vMyxlac (data not shown). In particular, when we tested levels of phospho-Bad, caspase 3, and poly(ADP ribose polymerase) (PARP), they were also unchanged (data not shown). Together with data shown in Fig. 1 , we propose that M-T5 plays a direct role in activation of Akt phosphorylation after infection in type II cells. We then tested whether M-T5 activates Akt through protein-protein interaction.
M-T5 Interacts with Akt Under both Transfection and Virus Infection
Conditions. To confirm any physical association between M-T5 and Akt, HEK293 cells were cotransfected with tagged M-T5 (pcDNA3T7-MT5) and tagged Akt (pcDNA3HA-Akt1). Twenty-four hours after transfection, immunocomplexes were precipitated with anti-T7 to pull down T7-MT5 fusions, and any complexes were immunoblotted with anti-hemagglutinin (HA) antibody. When reciprocal immunoprecipitations were performed, T7 tagged M-T5 was detected in the HA-Akt immunoprecipitates (Fig. 3A Upper) , and HA-Akt was coimmunoprecipitated by anti-T7 antibody (Fig. 3A Lower) . These reciprocal coimmunoprecipitations confirmed that M-T5 forms complexes per reaction) , respectively. The immunoprecipitates were subjected to an in vitro kinase assay using histone H2B as the substrate. with Akt (Fig. 3) . To confirm the ability of M-T5 to also interact with endogenous untagged human Akt after MV infection, we examined type II 786-0 cells infected with vMyxlac at an MOI of 5. Twelve hpi, the cells were collected and lysed, and immune complexes were precipitated with an anti-Akt antibody. Immunoblotting with anti-T5 antiserum indicated that expression of T5 protein was able to coprecipitate with endogenous Akt from MV-infected human cancer cells in vivo (Fig. 3B Upper) .
Also, additional coimmunoprecipitations from cells transfected with plasmids that express both M-T5 and HA-tagged PI3K, including both subunits (p110 and p85) or HA-Bad, as well as by virus infected cell coimmunoprecipitation, confirmed that M-T5 was unable to bind to exogenous or endogenous p85 or p110 or the downstream regulator Bad under either transfection or infection conditions (data not shown). Therefore, these data suggest that M-T5 is able to specifically interact with Akt and that this interaction is a requirement for enhancement of Akt activation.
Activation of Akt Is Required for MV Infection. As shown in Fig. 1 , Akt becomes activated after vMyxlac infection in type II cells. We have also demonstrated that the Akt specific inhibitor IV, which acts immediately upstream of Akt, does not block Akt activation after MV infection. Therefore, we transfected of 786-0 cells with a dominant negative (DN) Akt cassette (HA-DNAkt1) for 12 h and then infected with MV (vMyxgfp) at three MOIs to measure any inhibitory effect of Akt activation by DN-Akt expression upon MV infection. We observed that DN-Akt can dramatically inhibit MV infection of 786-0 cells (Fig. 4 and Fig. 6 , which is published as supporting information on the PNAS web site). Transfection of DN-Akt followed by infection of vMyxgfp caused a significant decrease in the number of gfp-expressing cell numbers at 24 and 48 h at various MOIs (Figs. 4A and 6A ). 786-0 cells transfected with DN-Akt and then infected with vMyxgfp for 24 or 48 h (MOI of 1) produced significantly fewer foci than the control transfections͞infections (Fig. 4A) and reduced viral titres (Fig. 6B) . We obtained similar results with other type II cells (ACHN and SK-OV3) that were transfected with DN-Akt and then infected with MV (data not shown). These data demonstrate that inhibition of Akt signaling interferes with MV infection and spread. Therefore, we conclude that Akt is a determinant of productive MV infection in type II human cancer cells and likely also explains the M-T5 independence of MV replication in type I cells, in which Akt is already constitutively activated. However, if Akt activation is blocked in type I cells by transfection of DN-Akt, then MV replication is also reduced, thus confirming that activated Akt is necessary for productive MV infection (Fig. 6C) .
Inhibition of Akt Signaling Significantly Reduces MV Replication at the
Level of Late Viral Gene Expression. To further confirm the influence of direct inhibition of Akt on MV replication, we assessed the expression levels of representative MV early (M-T7) and late (Serp1) viral genes after infection of 786-0 cells with vMyxgfp (MOI of 1). The efficiency of transfection for 786-0 cells was 90-95%, which was monitored by GFP vector transfection (data not shown). 786-0 cells were transfected with DN-Akt or control vector for 12 h and then infected with vMyxgfp. Transfection of DN-Akt did not affect the expression of the early gene, M-T7; however, there was a significant decrease in expression of the viral late gene, Serp1 (Fig. 4B) . These data indicate that inhibition of Akt activation has little affect on early viral gene expression but reduced late viral gene expression, suggesting that inhibition of Akt signaling resulted in a late stage block to MV replication. This observation is consistent with the data obtained in Figs. 4A and 6 and, taken together, indicate that activation of Akt is essential for completing the full MV replication cycle and that M-T5 is critical through its interaction with Akt. These findings were also reproduced in other type II cells (ACHN and SK-OV3; data not shown). We conclude that, if Akt activation is blocked or M-T5 expression is ablated, then MV cannot productively infect type II cancer cells.
Transient Expression of Constitutively Active Akt1 Facilitates MV
Infection of Nonpermissive Cancer Cells. It is curious why wild-type MV is unable to induce activation of Akt after infection of type III cells. A cellular block to virus entry and early gene expression might explain the observed failure to replicate. Alternatively, a dysregulation of Akt activation by M-T5 might also explain this apparent abort of MV infection of type III cells. To test these alternative explanations, we infected each cell type with vMyxlac and then assessed viral gene expression by immunofluorescence (Fig. 7 , which is published as supporting information on the PNAS web site). Type I and II cells exhibited similar patterns of punctate cytoplasmic M-T5 staining. However, there was either decreased M-T5 expression or stability, or possibly aberrant localization in the type III cells, despite the fact that a control early viral protein (M-T7) was expressed normally. This finding suggested that the failure of MV infection in type III was not due to a block to virus entry or early gene expression. We next reasoned that if phosphorylation of Akt was necessary for MV replication in cells that exhibit very low activated Akt levels (type II cells, Table 1 ), then expression of a constitutively active Akt cassette (HA-Myr-Akt) in cells that are nonpermissive to infection, and do not exhibit detectable levels of endogenous phosphorylated Akt levels (i.e., type III cells), might convert them from nonpermissive to permissive for MV infection. We selected the highly transfectable human breast cancer cells MDA-MB435, as an example of nonpermissive type III cells (Table 1 ) to test our hypothesis that constitutive expression of activated Akt could rescue the ability of MV to infect resistant cancer cell lines. A constitutively active Akt expression construct (HA-Myr-Akt1) or control vector (pcDNA3) were transfected into MDA-MB435 cells, and 12 hpi they were infected with vMyxgfp at an MOI of 0.01, 0.1, or 1.0. We observed classic MV foci expressing GFP at 48 hpi from cells expressing Myr-Akt, which were not detected in control cells that were infected only with MV (Fig. 8A , which is published as supporting information on the PNAS web site). Foci were enumerated under the florescent microscope and the results indicated that transfection of activated Akt followed by infection with MV dramatically increased levels of MV replication (Fig. 8B) . Similar results were also obtained with another noninfectable type III cancer line (MCF-7; data not shown). These data indicate that the expression of constitutively active Akt is able to rescue MV infectivity in type III nonpermissive human cancer cells. In contrast, when we transfected M-T5 into type III cells, we could not rescue MV infection (Fig. 8C) , suggesting that the block to a productive infection lies in either the inability of M-T5 to bind and activate Akt, or a dysregulation of the Akt signaling pathway itself. Taken together, our results indicate that activated Akt is necessary for MV infection of human cancer cells and nonpermissive cells can be rendered permissive by the ectopic expression of constitutively active Akt.
Discussion
A number of viruses have developed strategies to survive for long periods in the host and the PI3K-Akt signaling pathway, in particular, has attracted much interest due to its central role in the regulation of apoptotic inhibition (18) . Activation of the PI3K-Akt signaling pathway is believed to contribute to increased cell survival, and seems to be a common strategy for many viruses to manipulate cell survival pathways until the virus life cycle is complete (19) . Some viruses inhibit apoptosis, and others accelerate it, depending on the biological strategy of that particular virus (20, 21) . Infection with some viruses, such as respiratory syncytial virus (RSV), immediately induces activation of Akt through PI3K-NFkB mediated antiapoptotic signaling at a very early stage of infection (22) . In contrast, other viruses, such as hepatitis B, hepatitis C, and flaviviruses, encode gene products that directly induce PI3K-Akt phosphorylation which contributes to an antiapoptosis strategy (23) (24) (25) . In this study, we treated several human cancer cells that exhibit activated Akt with LY294002 and AKT inhibitor IV, and after MV infection, no apoptosis was detected with or without the inhibitors (data not shown). This finding demonstrates MV infection induced activation of Akt in a manner independent of PI3K activation and was resistant to inhibitors upstream of Akt in a time-dependent manner (Fig. 2) . Also, inhibition of Akt activation by expression of DN-Akt effectively prevented productive MV infection. In contrast, human cytomegalovirus (HCMV) induces PI3K activation throughout the course of infection of quiescent fibroblasts (26) . HCMV infection caused immediate PI3K activation at 15-30 min after infection, and PI3K inhibitor could thus inhibit virus replication (26) .
The M-T5 host range factor of MV does not share significant similarity with any other nonviral proteins, although it is related to other poxvirus host range proteins, many of which have been defined by their ability to mediate viral tropism (27) . M-T5 possesses seven ankyrin-repeat domains within the N-terminal and central regions of the protein (6) . The ankyrin repeat, a 33-residue sequence motif, has been found in many proteins from viruses, bacteria, and eukaryotes, are thought to mediate specific protein-protein interactions (28) . We recently identified the E3 ligase complex member cullin-1 as a binding partner of M-T5 and demonstrated that the M-T5͞cul1 complex functions to regulate cell cycle through p27 degradation pathway in MV-infected cells including human tumor cells (5). Here we identify cellular Akt as a second, additional binding partner of M-T5 that regulates Akt signaling and is an important tropism factor for MV infection in human cancer type II cells. In the present study, we were unable to detect any M-T5 binding to either the p85 or p110 subunits of PI3K (data not shown). Because the induction of Akt by M-T5 is insensitive to PI3K͞Akt inhibitors (Fig. 2) , we postulate that M-T5 operates directly in conjunction with Akt. Experiments are underway to explore the role of downstream targets of Akt. Although we cannot yet deduce whether M-T5 alters availability of Akt to kinases or phosphatases, we do note that the activation of Ser-473 in the presence of M-T5 is particularly dramatic (Fig. 1B) . Thus, M-T5 is a good candidate to regulate Akt activation via either the Akt kinase, mTOR͞Rictor:G␤L, or the Akt phosphatase, PHLPP (29, 30) .
MV has been shown to exhibit tropism for many human cancer cells (6) and to be a potent oncolytic therapeutic for human gliomas in a murine xenograft model (7) . The results in this study suggest that Akt manipulation may allow the oncolytic capacity of this virus to extend to an even broader spectrum of human cancer cells. Viruses and Infections. The viruses used in this study, including vMyxlac (31), vMyxT5KO (4), and vMyxgfp (32), have been described. All viruses were propagated and titrated by focus formation on BGMK cells as described (31) .
Materials and Methods
Antibodies and Reagents. Generation of polyclonal anti M-T5 antiserum, mouse monoclonal antibody of anti-Serp1, and rabbit polyclonal antibody of T-7 have been described (5, 33, 34) . Rabbit polyclonal phospho-Akt (Thr-308), mouse monoclonal phospho-Akt (Ser-473) (587F11) antibody, and polyclonal Akt antibody that detects total levels of endogenous Akt1, Akt2, and Akt3 proteins were obtained from Cell Signaling Technology. Mouse monoclonal antibody against the epitope of HA protein of human influenza virus (clone 12CA5) (Roche) and a peptide epitope directed against the 11-aa gene (T7-Tag; Novagen), a goat polyclonal antibody directed against the C terminus of actin (C-11) of human origin (Santa Cruz Biotechnology), and horseradish peroxidase-coupled goat anti-mouse or goat anti-rabbit secondary antibodies were obtained from Jackson ImmunoResearch. PI3K-AKT kinase inhibitors (LY294002 and AKT inhibitor IV) and [␥-32 P]ATP were purchased from Calbiochem and PerkinElmer Life Sciences, respectively. Histone H2B was used as exogenous substrate (Roche Applied Science).
